Computer simulation programs have been identified as useful tools for characterizing uncertainty and variability in longitudinal exposures to multiple sources by multiple routes of exposures. This paper provides a conceptual framework for such programs that separates and appropriately models the processes that determine uncertainty, inter-and intraindividual variability, as well as the processes that determine the relationships between the individuals and sources of exposure. The framework is based on a series of four nested loops. These are: the exposure event loop that models the route-specific doses to a person from one or more sources at one point in time; the time step loop that moves a person through time updating the sources and the person's characteristics, the interindividual variation loop that determines the initial characteristics of each person modeled, and finally the uncertainty loop that characterizes the uncertainty from model and parameter uncertainties. This framework provides a flexible and internally consistent approach for the design of simulation software.
Background and introduction
Over the last 10 years, there has been a growing recognition of the need for tools to assess exposures to multiple chemicals from multiple sources. This need has been driven by legislative and regulatory actions such as the 1996 Food Quality Protection Act (FQPA), the residual risk portions of the 1991 Clean Air Act, and the Voluntary Children's Chemical Exposure Program (EPA, 2000a) .
There has been a general recognition that computer simulation software (software) is a useful tool for these assessments (ILSI, 1998 (ILSI, , 1999 EPA, 1999 EPA, , 2000b EPA, , 2001 ). The goal of such software has been to characterize one or more of the following:
doses from exposures to multiple chemicals; doses from exposures that occur by multiple routes from a source of exposure; doses from exposures that occur from multiple sources; variation in doses received by a person over time (intraindividual variation); variation in doses across a population (interindividual variation); and uncertainty in predicted doses. This paper proposes a conceptual framework for the construction of simulation software that achieves these goals. This framework is based on the concept that models must place the concept of a ''person'' at the center of the design. For this reason, the framework is often referred to as ''Person Oriented Modeling'' or POM. The framework is based on a series of four nested loops: the exposure event loop, the time step loop, the interindividual variation loop, and the uncertainty loop.
The framework presented in the paper is not entirely new. Many software programs such as microexposure air programs, dietary software, and the aggregate and cumulative software programs developed to meet the needs of the FQPA, use approaches that are consistent with portions of the framework; however, no existing software completely incorporates the framework and the framework has not been clearly described in the literature.
The framework is presented in the following section. Technical issues related to the framework are presented thereafter. Where possible, existing software programs that are consistent with the framework are identified. In this paper, the term ''model'' refers to a conceptual model and ''program'' refers to an actual computer program.
Description of a framework for simulating exposures

Modeling People not Sources
The development of software to characterize concurrent exposures to widely different sources of multiple chemicals leads inexorably to a person-or receptor-oriented designs (Price et al., 1996a; Muir et al., 1998; Zartarian et al., 2000; CLA, 2002) . These designs focus on the population of interest rather than the sources of exposure. To understand the impact of the change of focus from source oriented to person oriented, it is useful to review the conceptual model that historically has governed exposure assessments, sourceto-dose modeling.
Source-to-dose modeling begins at the point that a chemical enters the environment, moves the chemical through the various media, and models the amount and rate of a chemical enters a person, see Figure 1 . Source-to-dose models have been used in regulations that set emission standards under the Clean Water and Clean Air Acts, clean up standards for hazardous waste sites, and tolerances for chemical additives in food. The widespread use of these models occurs for two reasons. First, regulatory agencies place a high priority in defining the relationship between a specific source and the resulting doses in the affected population because the purpose of most regulatory programs is the control of specific sources. Second, by following a chemical from a source to a final dose, the researcher is forced to systematically address all of the processes that determine the movement of a chemical from the source to the exposed person.
The weakness of this approach is that the characteristics of the source define the starting point of the model and to a large extent determine the design of the subsequent portions of the model. This dominance causes problems when the goal of the assessment is to determine the total exposure to a chemical or group of chemicals. Software that assesses aggregate exposures (total dose a substance received from multiple sources) and cumulative exposures (total doses of multiple substances received from multiple sources) must address multiple, independent, and diverse sources of exposure (see Figure 2 ). This creates a need for consistency across the different source-to-dose models. Consider a program that simulates the doses from two independent sources where both sources require the determination of a chemical's concentration in a microenvironment, such as a backyard. If one module of the software assigns the person to an urban town house with a small yard and a second assigns the person to a rural home with a large yard, then the predictions of the total dose are not likely to be a realistic description of an actual person. Similar problems occur with assumptions concerning the person's age, weight, or the season when the exposure occurs. EPA refers to this as the need for consistency in the ''temporal, spatial, and demographic characteristics'' of persons within the population (EPA, 1999) . This need for consistency of assumptions for the characteristics of the modeled person and the microenvironments the she or he interacts with leads to the development of person-oriented model designs and moves the ''sources of exposure'' to the periphery of the model design.
Modeling Exposures from Multiple Sources, by Multiple Routes, and Multiple Chemicals
An application that demonstrates the first two loops of the framework, the exposure event loop and the interindividual loop, is given in Figure 3 , a flow chart for a multiroute, aggregate, and cumulative software program. In this example, only two chemicals are assessed; however, the approach can be extended to any number of chemicals. The exposures in this example are assumed to occur over a period of time sufficiently short that; (1) when determining the toxicological effects of the exposures, the doses of a chemical from each source can be treated as a constant dose for the duration of the period of time; (2) the levels of each chemical in the relevant microenvironments can be treated as constants, and (3) the person's exposure-related characteristics (body weight, breathing rate, tapwater consumption, location, etc.) can be treated as constants. This period may be as short as a few seconds, or as long as a year, depending on the toxicological end point of interest, the person, and the sources of exposure (Price et al., 1996a) . As Figure 3 indicates, the program begins by determining the exposure-related characteristics of the first person being simulated in the software. These characteristics are those parameters required to determine the doses from the various sources that are related to the person and which influence the dose estimates for more than one source. The parameters could include information on demographics, housing, activities, relevant microenvironments, and the individual's physiology.
The assignment of the values for these characteristics is done by sampling from distributions that reflect the interindividual variation of the population of interest. For example, if the population is defined as pregnant women, then the age-specific pregnancy rates can be used to assign the age for the women being simulated. If the population is defined as persons living in a specific county then local demographic information can be used to assign a distribution of characteristics for the population.
Once the data for the person are determined, the program enters the exposure event loop. In this loop the program determines the probability of being exposed to each of the potential sources of the chemicals. This potential is conditional on the characteristics of the person. For example, if a person is 1 year old there is a higher chance that she or he will have an oral exposure to a phthalate plasticizer used in toys than if she or he is 25 years old. Women are more likely to have acetone exposure from use of nail products than men. Children living in houses with large lawns have a greater chance of exposure to residential lawn products than children living in multistory apartments.
The decision of whether a person is exposed is made independently for each source of each chemical. This allows the assessor to characterize when exposures to different sources of the same or different chemicals will and will not co-occur. For example, an assessor may wish to assume that person who rides a bus to work on a given day will not commute in a car. Thus, in an assessment of benzene exposure, the determination of benzene exposures from commuting in a car versus in a bus can be set up as mutually exclusive. Where the exposures are associated with one another the decision that one exposure occurs can be used to increase the probability of exposure to a second source. Thus, a glycol ether exposure from a floor stripper (wax remover) can be linked to an exposure from a subsequent application of a floor wax. This process also applies to the co-occurrence of different chemicals. Exposure to benzene can be modeled to co-occur with exposure to butadiene when they have a common source (tailpipe emissions). Exposures to two pesticides in competing products (that control the same pest) can be made mutually exclusive. This ability to make conditional decisions on whether a person is exposed is a critical component of the proposed framework.
Once the decision has been made that the person has been exposed to a specific source of a chemical, then a source-todose model is used to determine the dose for each of the relevant routes of exposure. Unlike software that is based on traditional source-to-dose models, the characteristics of the source, the transport processes, and the exposure calculations can be made contingent on the characteristics of the person being assessed. This allows the software to maintain consistency in these characteristics across the various source-to-dose models.
If the exposure occurs, then the doses from the exposure to the source are determined. Exposure to a source may result in doses that occur by a single or multiple routes (oral, dermal, and inhalation) of exposure. The estimates of the doses from each of the relevant routes of exposure are not combined at this step in the simulation but are saved by route. Once the various doses are saved, the program moves to the next source (another cycle in the exposure event loop). If the exposure to a source does not occur, then the framework proceeds to the next source. This program continues until all of the sources for all of the chemicals have been evaluated.
The doses produced in one exposure event loop can be used in a variety of ways. The doses from each source can be summed to give total route-specific doses for each chemical in the mixture to which the person was exposed. In addition, the doses can be segregated by source to give the source-specific doses. The route-specific doses can be used as:
1. inputs to route-specific risk characterization models (using the relevant toxicological benchmarks for the oral, inhalation and dermal doses); 2. used to estimate the total dose and used in non-routespecific models of risk; 3. used in models of cumulative risk for exposure to mixtures; or 4. used as inputs to physiologically based pharmacokinetic (PBPK) models of organ specific doses in the person.
The source-specific doses can be used to determine the relative source contribution of each source.
Once the determination of the first person's exposures is complete, the program leaves the exposure event loop, returns to the beginning of the program, and selects another person. This return creates the second type of loop in the framework, the individual loop. In this loop, the characteristics of this new person are again selected based on data on the interindividual variation of persons in the population of interest. Once these values are assigned, the exposure event loop is reentered. The program continues to cycle through the individual loop until the desired number of individuals have been simulated. The outputs of this process are sets of route-and source-specific doses for each chemical for each of the simulated persons in the model run. This set of doses characterizes the interindividual variation in the dose(s) of a chemical or a mixture of chemicals across the population for a specific duration at a specific point in time.
A number of software programs use this approach to estimate daily doses of pesticides and chemicals from dietary and air exposures. Dietary software such as DEEMt (Barraj et al., 2000) , and the dietary portions LifeLinet (The LifeLine Group, 2002) , and CARESt (CLA, 2002) are software that follow this approach. When assessing a daily dietary dose, these programs pull a dietary record for one person from the United States Department of Agriculture's Continuing Survey of Food Intakes by Individuals (CSFII). The CSFII record contains the name and amount of each food item a person consumes on a day. Using this record and a list of foods that have pesticides residues, the programs go item by item through the daily diet (the exposure event loop). For each food item, the program checks to see if there was a residue on that food item. If there is no residue, the program goes on to the next food. If there is a residue, then the program determines what is the concentration of the residue and what is the dose from consuming the food item. At the end of the list, the total oral dose of pesticide from all foods is determined and given as an output of the daily dose. This process is repeated with other records (the individual loop). Microenvironmental software programs track persons through a series of microenvironments and determine the total air exposure. Examples of such programs include pNEM (Law et al., 1997); SHAPE (Ott, 1981) ; CPIEM (Rosenbaum et al., 2002) . A similar approach also is used in SHEDS for inhalation exposure (EPA, 2002a) . These software programs begin by selecting a record of the activities of one person over a single day from the results of surveys of human activities such as the National Activity Pattern Survey (Klepeis et al., 1996) , or from the Consolidated Human Activity Database (EPA, 2002b) . These records consist of diaries of one person's daily activities that specify the microenvironments the person occupied during a day (bedroom, kitchen, car, office, etc.), a description of what activity was performed in that microenvironment, and the duration of the activity. These programs then select the first microenvironment and determines the inhalation dose given the person's breathing rate, duration of time in the microenvironment, and the level of contaminant in the air of the microenvironment. Once the dose is determined, the program moves to the next microenvironment (the exposure event loop). This process is repeated until all microenvironments are completed. The total inhalation dose is then determined for the day. This is repeated for each person in the population of interest (the interindividual loop). EPA has used this approach to estimate cumulative exposures to organophosphorous pesticides (Price et al., 2002; EPA, 2002c) .
Modeling Longitudinal Exposure
In the above examples, the exposures are assumed to happen during a single point in time. Over longer periods of time, inputs to the source-to-dose models cannot be assumed to be constant. In addition, exposure to specific sources will begin and end at specific times. As a result of these changes, a person's exposures will vary over time. program then enters the exposure event loop and the exposures from each exposure source are modeled. As discussed above, the period of time that applies to the exposure event loop is assumed to be sufficiently short that all of the inputs to the exposure-to-dose models can be viewed as constants. Once each source of exposure is modeled, the program determines if there is an additional time step to be modeled. If there is an additional step, the characteristics of the person, the microenvironments, and the sources of exposure are modified to reflect changes that occur between the two time periods. Once the characteristics are revised, the program then returns to the beginning of the exposure event loop to determine the doses that occur to the individual in the new time step. This returning back and revision of the timesensitive characteristics is the time step loop. If there are no additional time steps to be assessed, the program moves to the next person (the individual loop).
There are a number of methods for modeling longitudinal exposures in individuals who have been adopted by different modelers and the area is the subject of ongoing research. A full discussion of the approaches is beyond the scope of this paper; however, the proposed framework provides support to longitudinal models in two ways. First, the framework provides the longitudinal models a rich definition of the time variant and invariant characteristics such as the nature of the microenvironments, day of the week, and season of the year.
Second, the framework is modeled a series of chronological time steps. By sequentially modeling the time steps, the framework is able to use the characteristics of the person, microenvironment, and sources at one time step to predict characteristics at the subsequent time step. This allows the modeler to capture known temporal dependencies. For example, body weight would not be expected to significantly change from day to day but would change over ages 0 to 18. Painting a room in a home will result in a release of glycol ether on the day that the paint is applied and on subsequent days.
The output from this longitudinal model is an ''exposure history'' for each of the modeled persons. The exposure history consists of the route-and source-specific doses for each chemical for each time step. The exposure histories of multiple persons allow the characterization of both inter-and intraindividual variation. This approach has been used in a number of longitudinal models (LifeLinet (The LifeLine Group, 2002 ), CARESt (CLA, 2002 , SHEDS (EPA, 2002a) , APEX (EPA, 2003), and Calendext (Novigen, 2000) .
This output of the time step loop can be used in a number of ways. First, the data can be averaged to give estimates of the average dose over longer periods of time. Thus, if the time step was a single day and if the model is run for 365 days, then the daily doses can be averaged to give a prediction of the person's annual average dose. Second, the highest daily dose in a given year can be determined by ranking the 365 daily doses for a single simulated person. This ''peak'' annual daily dose can be used to evaluate acute risks that the person receives over time (Price et al., 2002) . This peak exposure can be useful in the evaluation of events that happen infrequently such as painting a room or staining a deck.
Third, the exposure histories can be used as inputs to PBPK models. Such models can be used to predict the time course of internal doses that occur because of total exposures. These internal doses can be used to estimate doses to the reproductive organs and the fetus. Because the data are longitudinal exposures for a specific person, the cumulative impact of chemicals, their metabolites, and cellular damage can be modeled (LifeLine, 2005) . Because exposure histories are available for each person, the interindividual variation in such measures of cumulative impact can be modeled.
Modeling Uncertainty
Up to this point, the discussion of the framework has been limited to variation, interindividual variation in selecting a person's characteristics and intraindividual variation in the person's characteristics over time. Uncertainties in the inputs and their impact on the resulting dose estimates have not been discussed.
The estimates of exposure produced by this framework are subject to a number of uncertainties. Inputs to simulation programs are subject to uncertainties from sampling bias, limitations in analytical methodologies, or limited sample size (Morgan and Henrion, 1990) . In addition, use of specific algorithms results in additional uncertainty (modeling uncertainty) (EPA, 1992) . Finally, there are unknown sources of uncertainty (surprise) (Hammit and Shlyakhter, 1999) .
Modeling cannot be performed for all sources of uncertainty. However, uncertainty in inputs and in algorithms can be characterized in the framework using a fourth loop called the uncertainty loop. Figure 4 presents a flow chart for a software program similar to that in Figure 3 but where uncertainty is quantitatively modeled in an outer uncertainty loop. In this outer loop, the framework adopts alternative analyses of exposure that reflect uncertainty in model inputs and model algorithms. For example, if the distribution of air concentrations in homes is described by a lognormal distribution with an uncertain mean, alternative values for the mean can be specified in the outer loop. The approach of using an outer loop to model uncertainty has a long history in simulation software (Bogen and Spear, 1987; Hoffman and Hammonds, 1994; Price et al. 1996b ). The approach is also used in SHEDS (EPA, 2002a) .
The output of this joint model of uncertainty and variation is an uncertainty distribution around each of the outputs of the framework described in the previous section. Thus while the model described in Figure 3 , can provide an estimate of the 95th percentile for an annual average exposure to persons in a population, the addition of the uncertainty loop allows the determination of confidence limits on that estimate that reflect specific sources of uncertainty.
Technical issues in the application of the framework
Defining the Population
Characterization of interindividual variation begins by assigning sets of values that reflect the variation in the values occurring in the population of interest. This requires that the software begin with a clear definition of the target population. Without a clear description of the population that is being assessed, it is possible to bias the assessment and misuse data. Populations can be defined in three ways; in terms of the specific sources of exposure included in the assessment, the availability of data, or the use of a standard predefined population.
As discussed above, the population in source-to-dose models is the population receiving a dose from the source. Examples of this approach include consumers who use a product or persons living downwind or downstream of a point source. This approach raises some difficulty in that such populations may differ from the general population and, thus, data on variation taken in the general population may not be relevant. For example, householders with gardens tend to be older then the general population of homeowners (USEPA, 1992) . Thus the use of data on the number of small children in homes in the general population will overestimate the frequency of small children present in homes with gardens. Defining the population in terms of an exposure source becomes unwieldy when multiple sources of exposure are being modeled. Consider an assessment that evaluates three phthalates and uses the exposures to the chemicals as the basis for the population to be modeled. One phthalate is used in cosmetics, the second in children's toys, and the third in food packaging (ATSDR, 1990 , NCEH, 2003 . Each phthalate has a distinct exposed population (toys F small children, cosmetics F older children and adults, food containers F all ages) and have some potential for overlap (small children passively come into contact with makeup on adults, some young children actively use makeup, some parents handle toys, and all consuming food packaged with the phthalate). Such cumulative populations become very difficult to describe or to model.
The alternative approach is to define the population in terms of some independent demographics. Examples might include, the general US population, all persons living in town houses, workers in a specific SIC code, or all 3-year-old children. Under this approach, persons in the population are included in the software whether or not they are actually exposed to one or more sources and the program determines if they are exposed or not exposed. If they are not exposed, the program predicts a dose of zero for the persons. The result is a prediction of the distribution of doses in a population that includes some fraction of the population having zero doses.
This approach has a number of advantages. First, it allows the use of national demographic data for the population. Second, the program can be extended to new sources of exposure. The drawback to this approach is that it wastes the computer's time in selecting and evaluating nonexposed persons. However, tailoring the program to the demographic groups with the greatest potential for exposures can minimize this drawback. For example, if the exposure is associated with swimming in a home pool, the program can be limited to homeowners with pools.
A third approach is to use a predefined population that is based on one or more major surveys of exposure related information. CARESt has created a ''reference population'' of 100,000 persons who have detailed information on their properties specified. The population is designed to be representative of the US population (Sielken and Holden, 2001) . In Calendext all adults are based on the persons who participated in the 1994-1996, 98 Continuing Survey of Food Intake by Individuals (Novigen, 2000) . SHEDS is based on the persons with activity patterns in CHADS database of activity patterns (EPA, 2002a) . The drawback to this approach is that subpopulations of interest may not be well represented in such reference populations.
Modeling Correlation and Autocorrelation
A major concern in defining inter-and intraindividual variation in exposures is the correlation among values that occur for different characteristics. Failure to capture correlations can affect the estimates of the distributions of dose and risk. There are two approaches to defining correlations. The first approach is to rely on data taken from a record of data taken from a single person (a record-based approach). Record-based approaches capture the correlations between the values of a person's exposure characteristics since the data come from a single person. Record-based approaches have been used for the evaluation of dietary and human activity pattern-based assessments.
There are, however, drawbacks in relying entirely on a record-based approach. First, while surveys have been performed of human activities and diet, no survey has been performed that captures all of the behaviors that are associated with chemical exposure (use of consumer products, hobbies, home heating system, room sizes, or air exchanges rates). In addition, it is difficult to obtain survey results on a person's behaviors for periods of time longer than one or two days. Therefore, strict reliance on recordbased approaches cannot be used to investigate exposures that occur over longer periods of time then a few days. Because of these limitations many software programs cannot rely on a strict record-based approach.
Modeling the Person, Family Structure, and Residence
The characteristics of the person go beyond data on activities and physiology. The person's potential for exposure will require defining the person's residence and family structure.
The reason for this is that the potential for exposure will be affected by both the characteristics of the residence and the activities of other persons in the home.
The characteristics of a home have a great influence on the potential exposure. Parameters that should be considered in the model included room sizes and air exchange rates, the relationships between room locations, heating systems, and the presence of attached garages, workrooms, and home offices.
The family structure has a great influence on exposures. Parents of infants in their homes have different activity patterns, diets, and uses different products then adults without children. Thus, the model may be required to assign a family structure to the person (other adults, children, infants, etc) present in the home. Modeling family and other personal interactions is an open-ended task. Therefore it is critical that the user define the sources that will be modeled and limit the modeling of other individuals to those events that affect the person's exposures to those sources.
Management of Outputs
A drawback to the proposed approach is the amount of data that would be generated. Consider the following scenario: An analysis of inter-and intraindividual variation is performed and generates estimates for 1000 children. The software determines inter-and intraindividual variation of daily doses of five chemicals over the 2-year period from the children's second to fourth birthdays. This requires calculating estimates for 730 days (2 Â 365 days). If the exposures occur by all three routes, then for each day there are three doses for each of the five chemicals. The total number of doses modeled is:
If the uncertainty in the estimates is evaluated then an additional 500 iterations of the uncertainty loop are performed.
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As this demonstrates, even a modest number of iterations for uncertainty and variation can result in very large data outputs. These outputs result in large files and long run times. One approach that can assist in this problem is to decide prior to the assessment which outputs are of interest and save only those outputs that are of interest. For example, if the analysis of interest is annual exposures then the model can be instructed to average the 730 days into two annual doses. This would reduce the output files 365 fold. If confidence limits are needed on the mean and the 95th percentile of the variation in the population, then the mean and the 95th percentile of the simulated population can be determined as part of the uncertainty loop and saved. This will reduce the output to 1000 outputs (500 estimates of the mean and 500 estimates of the 95th percentile). The drawback to this approach is that the model will have to be rerun if alternative measures are required.
Summary
The framework described in this paper, while simple, has the ability to model doses with duration ranging from acute to lifetime and for ages varying from conception through birth to any age. The approach can be extended to any number of chemicals, sources of exposure, and routes of exposure. The approach allows for the correct separation inter-and intraindividual variation and uncertainty. Finally, the proposed approach is consistent with many models currently in use or under development by EPA, academia, and industry.
Person-oriented modeling rather than source oriented modeling provides a number of advantages. First, it is the risks to persons and how they change as a function of sources and mitigation that is the ultimate goal of the model. Second, inter-and intraindividual variation in dose and risk are key outputs for the model. Thus, the model should begin with a specific focus on inter-and intraindividual variation. Third, defining internally consistent doses from exposure to multiple sources and routes of exposure to one chemical or to multiple chemicals can only occur if the same person is modeled for each source. Focusing the modeling on the person allows for the calculation of internally consistent models of the person's exposures with regard to time, location, age, and source. Finally, focusing on the person allows the model to track each person over time (from the characteristics of the parents at conception, the characteristics of the mother during pregnancy, and the characteristics of the person from birth to the end of his or her life).
Construction of computer programs based on this framework has the additional benefit of increasing linearly with the number of sources. This is in contract to programs such as decision tree analysis where model complexity and run times increases geometrically. This means that large numbers of sources can be tracked in one model. In addition, adding additional sources to an existing model can be easily performed.
